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The aim of this work is to present a novel methodology for fast evaluation of the visual
perceptibility of sink marks on surfaces of injection molded parts. Based on previous
research work on the detection of surface defects, a new model for the calculation of the
visibility of sink marks from CCD-images was developed. A new calculated surface model
function was used to determine the amplitudes of the second derivatives (ASD) as a
measure for the visual perceptibility of sink marks. This model parameter is quickly
calculable and, therefore, ideally suited to application in a machine vision system used for
in-line quality inspection. In order to test the model parameter, injection molding parts
were produced using predeﬁned processing conditions, and the inﬂuence of process
parameter variation on the visual perceptibility of the sink marks was evaluated.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
High quality injectionmolded plastic parts, such as used
in the automotive industry or for personal care products,
are designed to attract the attention of potential customers.
On the one hand, a range of factors inﬂuence an individual’s
impression of a product’s quality. On the other hand,
properties of the polymer material and process parameters
such as the holding pressure in the mold after the injection
strongly inﬂuence the formation of sink marks. This type of
defect occurs as a consequence of the shrinkage of the
polymer material in the cooling phase after injection. It is
caused, for instance, by reinforcing ribs due to the accu-
mulation of material at the T-junction of the rib to the base
plate of the part. Sink marks can be reduced by applying.
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Open access under CC BYhigh holding pressures after the injection. However, this
method is energy and time consuming, and thus reduces
daily production quotas. As the industry tries to avoid sink
marks while holding the production costs as low as
possible, this surface defect has become an indicator for
low-quality production. A full prevention of sink marks is
not possible in most cases and, therefore, it is necessary to
detect and evaluate their level of perceptibility. The mea-
surement results must show a high correlationwith human
perception and defect assessment. For a possible inline
application, results must also be precise, non-ambiguous
and reproducible.
In this paper, a novel method for the detection and
evaluation of the visual perceptibility of sink marks will be
presented. It was intended to develop a fast methodology
for the quantiﬁcation of the visual perceptibility of sink
marks based on image processing.
References to a selection of substantial previous work
concerning the evaluative of sink marks are given in the
following text. Shi and Gupta used ﬂow simulation in
combination with ﬁnite element analysis to predict loca-
tion and depth of sink marks. They included temperatures-NC-ND license.
Fig. 1. Formation of sink marks.
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good accordance with the simulation model [1–6]. Neural
networks were used to model injection molding defects.
It was determined that they can be used instead of tradi-
tional computational ﬂow analysis. Applying the neural
networks reduced the amount of computational processing
[7,8]. Ni used CAE injection molding simulation programs
to describe the dominant factors causing sink marks and
compared his ﬁndings with measurements of an injection
molded part. The predictions for the occurrence of sink
marks were in good accordance with experiments, and
they also pointed out that the higher thermal mass and the
effective packing time near a rib base are determining
factors for the depth of a sink mark. Also, inﬂuences of the
material used, the part geometry, the cooling channel
layout and themolding process windowswere investigated
[9]. Even although the focus was on surface scratches, the
work of Mòrillou et al. is also intriguing since optical ma-
terial parameters were included in their considerations.
They combined bidirectional reﬂectance distribution
functions (BRDF) with texturemapping, whereby they built
a bridge between topographic and optical surface proper-
ties [10]. Silvennoinen et al. published work about the
measurement of gloss differences of injection molded
parts. They presented amethod tomeasure gloss on convex
or concave surfaces [11]. Hayden and Engelmann investi-
gated the visibility of sink marks statistically in the course
of a ﬁeld study, and developed new guidelines for the
determination of a texture depth to conceal sink marks
[12,13]. Li et al. investigated the visual appearance of weld
lines in injection molded parts. The visual perceptibility
was evaluated by analyzing differences in the hue values of
digital images of the defects [14]. Xie gave a detailed review
about advances in surface defect detection made over the
previous years [15]. There are numerous publications on
the inspection of product surfaces in general, but a fast and
direct measurement of the perceptibility of sink marks on
injection molded parts has not yet been explored. In our
preliminary work, an intensity proﬁle captured across sink
marks was used to derive a parameter for the prediction of
the visibility of the sink marks [16–19].
In the present work, a new method for the quantiﬁca-
tion of sink marks is presented. The aimwas to get a better
mathematical representation of sink marks from acquired
surface images as well as calculating a new quantitative
parameter for the perceptibility of the sink marks. It offers
higher precision sink mark detection and it is not necessary
to manually predeﬁne a threshold value for the visibility of
a sink mark. Another big advantage compared to previous
approaches is its potential to automatically detect the
center and, therefore, the position of a local sink mark
within image data. The methodology turned out to deliver
robust results also for locally distorted or not perfectly
clean surfaces.
2. Experimental
2.1. Formation of sink marks
Local internal volumetric shrinkage starts during the
solidiﬁcation phase and it lasts until the temperature of thepart has cooled to room temperature, and the process may
go beyond the ejection stage. Sink marks usually occur at
areas of signiﬁcantly increased local mass and, therefore,
increased thermal mass [20,21]. Polymer shrinkage is
dependent on its pvT-behavior and the cooling rate. The
smaller the local cooling rate, the higher the local internal
shrinkage will become. Due to the polymer’s low thermal
conductivity, mass accumulations are insulated from the
neighboring polymer material, thus those areas shrink
more than their surroundings. Reinforcing ribs, bosses or
undercuts can be identiﬁed as the main causes [22]. Fig. 1
illustrates the sink mark characteristic with respect to the
wall thickness of a reinforcing rib.
Faster solidiﬁcation of the outer area of an injection
molding specimen due to intense cooling inhibits the for-
mation of sink marks. However, this goes along with strong
internal stress and forces the formation of other defects, for
instance vacuoles. Sink marks appear to be deeper if they
are on a less textured surface. As investigations show, sink
marks on plane surfaces come into visual existence for 95%
of people if they are deeper than 5 mm, and texture depths
higher than three times the depth of the sink mark are
required to conceal sink marks (on black surfaces) [14].
Since topographical measurement methods are too time-
consuming, only optical methods are feasible for the eval-
uation of a sink mark’s perceptibility during production.2.2. The injection molded part
For our investigations, specimens were injection molded
under different processing conditions in order to get local
sink marks with varying perceptibility caused by a distance
pin on the back side of the plastic part. The injectionmolded
test specimenwith the region of interest exhibiting the sink
mark is shown in Fig. 2. Close to this region of interest, there
is a variation in wall thickness within the injection molded
part that inﬂuenced the measurements due to occasional
discontinuity of overall gloss at the surface. This complicates
the situation and, therefore, proves as an indication for the
viability of sink mark inspection of inconvenient surfaces.
The polymer material used was acrylonitrile-butadiene-
styrene (ABS), which is a typical material for polymer com-
ponents when a high surface quality is demanded. It was
dried for four hours at 80 C prior to its use.
A series of test specimens was produced applying
varying holding pressure. Other process parameters were
Fig. 2. Injection molded test part and region of interest including a sink
mark.
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formation to aminimum. In preliminary test runs, a process
window for the variation of the holding pressure was
established. The holding time was set high enough to avoid
any inﬂuence on the formation of sink marks. It was
assumed that the injection nozzle temperature approxi-
mates the melt temperature when the injection occurs,
thus the nozzle temperature was monitored for constancy.
In principle, it is also possible to measure the mold surface
temperature at a certain point in time during the injection
molding process. However, it is not possible to keep the
actual mold surface temperature entirely constant while
other parameters continue to vary. To prevent this problem,
the coolant temperature was used as a setting parameter.
Nonetheless, the minimal mold temperaturewas measured
during the injection molding process by the use of an in-
mold sensor. The measured temperature was 2 C to 5 C
higher than the coolant temperature. The processing pa-
rameters are listed in Table 1.
The holding pressure was increased from 28 MPa to
41 MPa in increments of 1 MPa. The test part production
startedwhen the processing parameters weremonitored to
be stable. The ﬁrst ten parts of a series were rejected. By
this means it was assured that all parts were produced at
close to constant mold temperatures.2.3. Data acquisition
For data acquisition, an AVT Stingray F-504 camera was
used and controlled by MATLAB from Mathworks. A light
spot from a vicolux FAL11-W LED illuminant equipped
with a diffuser was projected at a distance of 100 mm,Table 1
Table of processing parameters.
Parameter Value
Cooling time 24 s
Cycle time 31 s
Nozzle temperature 240 C
Coolant temperature 40 C
Injection velocity 90 cm3 s1through an aperture of 10  50 mm, onto the region of
interest of the surface. This region was 5  5 mm in size.
Sink marks are most visible when viewed from a specular
angle, and human assessors tend to intuitively position the
surface of a part in a manner that ensures best specular
light reﬂection in order to get best contrast of surface dis-
turbances. The light intensity detected by a camera
depends on the direction of the specular reﬂection (s) and
the optical axis of the camera (c) (Fig. 3).
For our investigations, the optical axis of the camerawas
assumed to be constant for all points of the sink mark as,
compared to the dimensions of the region of interest, the
camera to surface distance was much larger. The vector (s)
depends on the normal vector (n) of the surface. In other
words, the measured intensity at each point of the viewed
sinkmark depends on the surface’s tangent (t), that is to say
on the ﬁrst derivative at this point. Subsequently, the
intensity at a CCD-sensor of a camera correlates with the
ﬁrst derivative of the surface.
The conﬁguration of a measurement setup for the
measurement of a wide range of sink mark grades is chal-
lenging. On the one hand, too low angles (measured from
the perpendicular of the surface) produce too low sinkmark
contrast and, therefore, no distinct data for the quantiﬁca-
tion of weakly pronounced sink marks. On the other hand,
too high angles cause overblown contrast and, therefore,
low grayscale graduation in the image data. In the latter
case, small variations of the perceptibility of different sink
marks are not sufﬁciently differentiated. In the course of our
investigations it became apparent that an angle of b ¼ 30
produced best differentiation of sink marks which are close
to the threshold of perceptibility (Fig. 4).
3. Results and discussion
3.1. Calculation of the visual perceptibility of sink marks
The calculation starts with the detection of the center of
the anticipated sink mark within the region of interest. For
this process, a computer script was implemented. The
region of interest for our calculation corresponds toFig. 3. The reﬂection of incident light (i) on a surface. The intensity of the
reﬂected light captured by the camera depends on the relation between the
direction of specular reﬂection (s) and the optical axis of the camera (c). (s)
depends on the local tangent vector (t) of the reﬂecting surface.
Fig. 4. Scheme of the data acquisition setup for the sink mark evaluation.
Table 2
Table of model parameters.
Symbol Parameter
A Amplitude
x Position of g(x)
s Standard deviation of g(x)
g Position of s(y)
u Standard deviation of s(y)
a Skewness of s(y)
C2 Correction term 2nd order
C1 Correction term 1st order
C0 Basic luminance
Cy Position of correction term
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the image were ﬁtted to an analytic model based surface
function. This enables evaluation of a sink mark by using its
ﬁt parameters. Furthermore, differentiation becomes
possible and also fast due to the continuity of the function.
In order to calculate the perceptibility of a sink mark a
proﬁle function was calculated that includes the extreme
values of the image function that in turn carries informa-
tion about the surface reﬂected intensity. The model
function, a modiﬁed Gaussian based curve, was found to
describe the contour of the sink mark most accurately. This
model function is also readily differentiable, which turns
out to be highly advantageous for fast processing.
In order toﬁt the intensity function of the sinkmarks, the
Gaussian curve was skewed in the illumination direction.
Thereby, the skewed normal distribution in the y-direction
was expanded to two dimensions by multiplying with an
unskewed normal distribution in the x-direction (Fig. 5).
The skewed normal distribution s(z) with the skewness
parameter a is mathematically deﬁned by
sðzÞ ¼ 2$fðzÞ$FðazÞ (1)
where
fðzÞ ¼ 1ﬃﬃﬃﬃﬃﬃ
2p
p ez22 (2)
and
FðzÞ ¼
Z z
N
fðtÞdt ¼ 1
2

1þ erf

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2
p

: (3)Fig. 5. Skewed Gaussian curve.Thereby, erf denotes the only numerically calculable error-
function which is deﬁned by
erfðzÞ ¼ 2ﬃﬃﬃ
p
p
Z z
0
et
2
dt: (4)
The equations (1)–(4) are given in their normalized form.
However, to introduce ﬁtting parameters for size and
position (in y-direction of the image) of the sink mark,
position g and scale u were implemented with z ¼ yg/u
which gives the scalable skewed normal distribution
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Since it is impossible to calculate the error-function
analytically, the derivative of the skewed normal distribu-
tion is achievedbyapplicationof theLeibniz IntegrationRule:
d
dq
Z bðqÞ
aðqÞ
f ðx;qÞdx ¼
Z bðqÞ
aðqÞ
d
dq
f ðx;qÞdxþ f ðbðqÞ;qÞ$dbðqÞ
dq
 f ðaðqÞ;qÞ$daðqÞ
dq
: (6)
After differentiation, the linear model function is
expanded to 2D by multiplication of a Gaussian function in
the x-direction:
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(7)
The second order polynomial was added to compensate
for the unsymmetrical lighting condition of the measure-
ment setup. The parameters of the model function are
listed in Table 2.
3.2. Inﬂuence of the holding pressure on the perceptibility of
sink marks
In a measurement series, the holding pressure was
increased from 28 MPa to 40 MPa in increments of 1 MPa.
An impression of the detected sink marks is given in Fig. 6.
As one can see, increasing the holding pressure inﬂuences
the formation of sink marks immediately.
Fig. 6. Sink marks produced at varied holding pressure. “39 MPa” shows a sink mark just above the threshold of visibility.
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calculated by using the amplitude of the second derivative
(ASD) of the modeled sink marks. Fig. 7 shows the mean
ASD value of ﬁve specimens for each of the holding pres-
sures. The comparison of the captured sink marks with the
measurement results shows a good correlation. The
measured threshold of perceptibility is close to 39MPa. Sink
marks detected on parts produced by using a holding
pressure of 39 MPa show extremely low, but still existing,
perceptibility. This interpretation of the result is supported
byeight polymer processing expertswhowere asked to rate
the sink marks on the test parts. Even although visual
assessment of a broader circle of people has shown that
those slight sink marks are barely visible for human eyes
under normal conditions, the threshold is in correspon-
dence with international standards that suppliers, for
instance, in the automotive industry, have to fulﬁll. In order
to maximize the measurement accuracy it is appropriate to
calibrate for measurements in the substantive region closeFig. 7. Measured ASD value in dependence on the holding pressure as a
measure of the visual perceptibility of sink marks. Each point shows the
mean ASD value of ﬁve specimens produced at the same holding pressure
level.to the perceptibility threshold of sink marks. For that
reason, the lowest measurement errors are found for
holding pressures in the crucial region higher than 35 MPa.
In order to test the reproducibility of measurement re-
sults concerning the specimen positioning, four parts were
selected and 30 measurements were performed for each
part. Between the measurements, each specimen was
removed and repositioned for the measurement. The parts
were produced at 32 MPa, 36 MPa and 38 MPa holding
pressure. The relative ﬂuctuations of the measurement
values are 0.6% for (32 MPa), 2.3% for (36 MPa), and 3.6% for
(38 MPa). These values are very low considering that sur-
face shape disturbances and image noise are expected to
inﬂuence the measurement.
4. Conclusions
Based on previous research work on the detection of
defects of polymer surfaces, a new model for the calcula-
tion of the visual perceptibility of sink marks was devel-
oped. The model is based on a skewed gauss function and
forms a capable mathematical representation of a sink
mark because it is close to the visible surface shading
produced by a sink mark. Furthermore, it is readily differ-
entiable, which is an advantage for the calculation of the
amplitude of the second derivative as a measure for the
visual perceptibility of sink marks.
In order to test the method, plastic parts consisting of
the polymer acrylonitrile-butadiene-styrene (ABS) were
produced by varying the holding pressure of the injection
molding process. The method turned out to deliver results
close to human vision. In a representative test measure-
ment, the threshold of perceptibility was found to be close
to 39MPa. At this holding pressure, the sink marks show an
extremely low but still existing visibility. Although the
method includes the calculation of a surface ﬁt, the pro-
cessing time was kept lower than one second, which is low
enough for most injection molding surface inspection
applications. The ﬁltered surface ﬁt makes the method
D.P. Gruber et al. / Polymer Testing 33 (2014) 7–1212robust against errors that result from image noise and small
overlying surface texture. Because of a strong specular light
source, the setup is also robust against the inﬂuence of
ambient light. However, since human contrast perception is
incredibly sensitive when it comes to the estimation of the
quality of high gloss parts, the setup has to be precisely
positioned and calibrated in order to resolve and discrim-
inate the perceptibility of sink marks that are close to the
threshold of human vision.
Acknowledgements
The research work was performed at the Polymer
Competence Center Leoben GmbH (PCCL, Austria) within
the framework of the COMET-program of the Federal
Ministry for Transport, Innovation and Technology and
Federal Ministry for Economy, Family and Youth with
contributions by the Department of Polymer Engineering
and Science of the Montanuniversitaet Leoben. The PCCL is
funded by the Austrian Government and the State Gov-
ernments of Styria and Upper Austria.
References
[1] L. Shi, M. Gupta, Prediction of sink mark in injection-molded plastic
parts using a localized shrinkage model near a rib, in: Proceedings of
ANTEC, 1998, pp. 609–613.
[2] L. Shi, M. Gupta, A localized shrinkage analysis for predicting sink
marks in injection-molded plastic parts, J. Inject. Mold. Techn. 2 (4)
(1998) 149–155.
[3] L. Shi, M. Gupta, An approximate prediction of sink mark depth in
rib-reinforced plastic parts by empirical equations, J. Inject. Mold.
Techn. 3 (1) (1999) 1–10.
[4] L. Shi, M. Gupta, Prediction of sink marks in crossribreinforced
injection-molded plastic parts by localized ﬁnite element shrinkage
analysis, J. Inject. Mold. Techn. 3 (3) (1999) 108–116.
[5] L. Shi, M. Gupta, Empirical equations for predicting sink mark depth
in a rib-reinforced plastic part, in: Proceedings of ANTEC, 1999, pp.
815–819.[6] L. Shi, M. Gupta, Modeling of sink mark formation in cross-rib-
reinforced injection-molded plastic parts by localized ﬁnite
element shrinkage analysis, in: Proceedings of ANTEC, 2000, pp.
712–715.
[7] J.C. Moller, J.J. Rowe, Prediction of injection molded part quality by
neural networks, in: Proceedings of ANTEC, 1998.
[8] F. Soltani, S. Manoochehri, Prediction of the weld lines in injection
molding process using neural networks, in: Proceedings of ANTEC,
2000.
[9] S. Ni, Preventing sink marks of injection molded parts using CAE
analysis, in: Proceedings of ANTEC, 2000, pp. 453–455.
[10] S. Mérillou, J.M. Dischler, D. Ghazanfarpour, Surface scratches:
measuring, modeling and rendering, Vis. Comp. Graph 17 (1) (2001)
30–45.
[11] R. Silvennoinen, K. Myller, K.E. Peiponen, J. Salmi, E.J.P. ääkkönen,
Diffractive optical sensor for gloss differences of injection molded
plastic products, Sens. Actuat. A 112 (2004) 74–79.
[12] K.F. Hayden, P.V. Engelmann, Smoke and mirrors: hiding sink in
plain sight, in: Proceedings of ANTEC, 2008, pp. 703–707.
[13] K.F. Hayden, Determining the Probability of the Visual Detection of
Sink Marks on Differently Textured Injection Molded Products, PhD-
Thesis, Western Michigan University, Kalamazoo, Michigan, 2006.
[14] H. Li, Z. Guo, D. Li, Reducing the effects of weldlines on appearance
of plastic products by Taguchi experimental method, J. Adv. Manuf.
Techn. 32 (2007) 927–931.
[15] X. Xie, A review of recent advances in surface defect detection using
texture analysis techniques, Electr. Lett. Comp. Imag. Analy. 7 (3)
(2008) 1–22.
[16] D.P. Gruber, G. Wallner, M. Bruder-Stroissnig. Verfahren zur Analyse
der Oberﬂächeneigenschaften eines Materials. Patent A1036.2005.
[17] D.P. Gruber. Verfahren zum automatischen Nachweis eines Defektes
an der Oberﬂäche eines Formteils. Patent A384. 2009.
[18] G.R. Berger, D.P. Gruber, W. Friesenbichler, C. Teichert,
M. Burgsteiner, Replication of stochastic and geometric micro
structures – aspects of visual perception, Intern. Polym. Process. 10
(2011) 313–322.
[19] D. P Gruber, G. Berger, G. Pacher, W. Friesenbichler, Novel approach
to the measurement of the visual perceptibility of sink marks on
injection molding parts, Polym. Test. 30 (6) (2011) 651–656.
[20] VDI-Gesellschaft Kunststofftechnik, Injection Moulding Technology,
Verein Deutscher Ingenieure, Düsseldorf, Germany, 1981.
[21] D. Mathivanan, N.S. Parthasarathy, Sink mark prediction and opti-
mization – a review, in: Proceedings of ANTEC 2008, 2008, pp.
2126–2132.
[22] D.V. Rosato, D.V. Rosato, Injection Molding Handbook, second ed.,
Chapman and Hall, 1995.
